It is well known that off-great-circle path propagation causes a technical difficulty for surface wave analysis in higher frequency ranges. We propose a new approach that combines a beamforming technique and two-station phase velocity measurement to resolve this problem. Beamforming allows us to determine the correct azimuth of incoming surface waves which can be taken into account in phase velocity measurement. Beamforming results also support that a plane-wave approximation is mostly acceptable for frequencies up to about 50-60 mHz (millihertz), although evidence of multipathing is occasionally recognized in beamforming results as multiple peaks. Application of this correction scheme for Rayleigh-wave data in Southern California seems to make the largest impact on the results of azimuthal anisotropy. Effects are not large for frequencies up to 30 mHz but fast velocity axes in azimuthal anisotropy maps change significantly for higher frequencies.
Introduction
One of the most difficult problems in the analysis of teleseismic surface waves has been the so-called off-greatcircle path propagation for high frequency surface waves, noted at least since McGarr (1969a, b) . On a global scale, long period surface waves mostly propagate along great circle paths but they start to deviate from great circle paths at periods about 50-60 seconds (e.g., Laske and Masters, 1996) . This period range, however, may vary depending on geographical locations. If a region is near a sharp structural boundary, such as the ocean-continent boundary (thus both Japan and California), even longer-period waves may be susceptible to lateral refraction of surface waves.
Various groups are trying to resolve this type of problem in different ways; one can now take a completely numerical approach because of fast computers (e.g., Tape et al., 2006; Zhao and Jordan, 2006) . Alternatively, one can take a more observational, wavefield modelling approach for an array (Friedrich et al., 1994; Pollitz, 1999; Bruneton et al., 2001; Yang and Forsyth, 2006) . In this paper, we will take the latter approach and propose an approach that combines the beamforming method and two-station phase velocity measurement. Both the beamforming and phase velocity measurements are not new but their combination does not seem to have been attempted extensively, although Baumont et al. (2002) and Bourova et al. (2006) tried a somewhat similar approach to with a limited number of stations (3 or more). Essentially, what we are proposing is an improvement of such approaches using a seismic array.
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plete; Prindle and Tanimoto (2006) only discussed heterogeneity and Yang and Forsyth (2006) never really showed a map of azimuthal anisotropy; they only showed variations of azimuthal anisotropy with longitude that seem to suggest consistency with S-wave splitting data. Our analysis, with the use of the technique described in this paper (also in , seems to indicate that patterns of azimuthal anisotropy differ greatly from S-wave splitting results. Since anisotropy is important for understanding the tectonics in the region, clarification of the correct azimuthal anisotropy patterns is called for.
We apply the method to data from California, but it can be used for other areas with seismic broadband networks as, for example, Japan.
Motivation from Particle Motion Analysis
Our motivation for beamforming analysis arose from our particle motion analysis of Rayleigh waves. Two panels in Fig. 1 show horizontal particle motions of Rayleigh waves that arrived from the northwest quadrant (top panel) and also from the southwest quadrant (bottom); directions of horizontal particle motions are given by blue and those for great-circle paths are shown by red. These are the results at 0.04 Hz.
The top panel ( Fig. 1) shows that blue lines are systematically oriented toward east-west in comparison to the greatcircle directions. On the other hand, the bottom panel shows generally good match between the great-circle directions and the observed particle motions. Clearly, the great-circle approximation is justified for the event in the bottom panel. This is generally true for events in the southwest azimuth in Southern California. This is not the case for the events in the northwest quadrant and some corrections for the deviation is definitely required in the analysis of this data set.
Another important feature in Fig. 1 is the fact that a plane-wave approximation may be a reasonable assump- tion at 0.04 Hz, at least to first order. Directions of blue lines deviate from great-circle paths, especially in the top panel, but these observed directions are aligned parallel to each other mostly, suggesting a plane-wave like propagation. Some minor regional variations are seen which violate this plane-wave assumption but the most important first-order correction seems to be the correction for arrival azimuth of Rayleigh waves.
Beamforming
In order to determine the azimuth of arrival automatically, we adopted a beamforming approach. In this paper, we applied the beamforming to vertical component seismpgraphs for the entire array in Southern California. This study is thus limited to Rayleigh waves.
We used a simple stacking method (Aki and Richards, 1980; Johnson and Dudgeon, 1993) Processing was done in the following way; Fourier spectra for the portion of time series that contain Rayleig waves were obtained first; they were obtained by using a cosine tapered filter. We made sure that results were not influenced strongly by a specific choice of detailed tapering range. We then used a frequency-domain beamforming approach, using the Fourier spectra from each station. We referenced all spectra to Pasadena (PAS) and stacked.
A case of Rayleigh wave arrival in the northwest quadrant is shown in Fig. 2(a) . The maximum peak is indicated by red and blue denotes values that are 1 dB below the peak value. Denoting the peak location (red) as (s x , s y ) (in Figs. 2(a) and 2(b)), we can estimate phase velocity by (1/ s 2 x + s 2 y ) and also its azimuth (thus deviations from great-circle directions).
A relatively broad but single peak is seen up to about 50 mHz in Fig. 2(a) . It is thus possible to determine the azimuth of arrival from the peak in the beamforming results. Note that locations of the peak start to deviate from the great-circle direction at frequencies about 15-20 mHz. Deviations in this figure are systematically to the west with respect to the great-circle directions, if one viewed the incoming waves at seismic stations. This is consistent with the particle-motion results in Fig. 1 . Quantitatively, deviation angles from particle motion are as large as 30-40 degrees but vary from station to station to some extent. It is similar to variations in arrival azimuth estimates, shown later in Fig. 3(b) , in which the average angle is about 20 degrees but a large number of data exist between 10 and 30 degrees.
Multiple peaks, or the evidence for multipathing, are obvious in results for 55 mHz and 57.5 mHz. There are at least three peaks in each panel indicating three different wave packets from different azimuths. The proximity of peaks to the concentric circle for 0.3 s/km suggests that they are all fundamental-mode Rayleigh waves, arriving from multiple azimuths.
Figure 2(b) shows the case of Rayleigh-wave arrival from the east. They are generally consistent with the greatcircle propagation but some panels, especially the ones at 37.5 mHz, 42.5 mHz and 47.5 mHz, show multiple peaks. The fact that these complications arise for intermediate frequency ranges indicate that multipathing problem is very hard to solve, even for frequencies below 50-60 mHz.
We created plots like Figs. 2(a) and (b) for 201 earthquakes in various azimuths. The common characteristic features in those results can be summarized in the following four points: (1) Relatively clean arrival angles can be determined for teleseismic Rayleigh waves for frequencies between 10 and 60 mHz. (2) At low frequency end, about 10 mHz, the peaks lie mostly on the great circle directions but the resolution is not good (the width of peaks is broad) due to the size of an seismic array. (3) Systematic deviations from great circle directions are seen in higher frequencies, in some cases starting at about 15 mHz, but typically at about 30 mHz. In most case, a single arrival azimuth can be determined. (4) However, multipathing is occasionally seen for intermediate frequencies (between 10 and 60 mHz) and its occurrence is hard to predict. We have not found any systematics in the emergence of these multipathing effects.
Proposed approach
We made plots for angles of deviation from the greatcircle paths for 201 events. The angles were plotted as a function of frequency for different azimuth windows. Measured angles (deviations) show fair amount of scatter from event to event as two top panels in Figs. 3(a) and (b) show. These scatters might cause some problems in the analysis, if we applied the beamforming method on an event-by-event basis. On the other hand, there are clear systematics in the distributions of measured angles in both figures. We thus decided to estimate the arrival azimuth for a given azimuth window by computing the means and errors for these points.
After trials and errors, we decided to divide the entire 360-degree range in five different azimuth windows. They are 0-110, 110-180, 180-240, 240-300 and 300-360 degrees clockwise from North. Figure 3(a) shows the results for azimuth between 180
and 240 degrees (southwest). There are many earthquakes in this range because this range includes earthquakes in the South Pacific. Deviations from the great-circle paths are generally small in this azimuth. Figure 3(b) , for the azimuth between 300 and 360 degrees, shows the largest deviation from the great circle directions among the five azimuth windows. This azimuth range includes earthquakes from Alaska, Kuril, Japan and Taiwan. Rayleigh waves in this azimuth window tend to propagate at grazing angles along sharp structural contrasts in subduction zones (Kuril, Aleutian) and the continentocean boundaries off the coast of western United States. For this azimuth range, deviations are seen at frequencies as low as 15 mHz and seem to grow for higher frequencies and reach 20 degrees at 50 mHz.
Computed means and error bars (one sigma) are given in the bottom panels (Figs. 3(a) and (b) ). Summary of results for all five azimuth windows are shown in Fig. 3(c) .
As a first step, we applied the results given in Fig. 3(c) . Since the plane-wave approximation seems to be acceptable, we applied corrections to the azimuth of incoming waves and measured phase velocities between pairs of stations as in our previous work (e.g., Tanimoto and Prindle, 2002) . Detailed analysis can be found in .
Strictly speaking, deviation angles should also be a function of epicentral distance and azimuth in a threedimensional structure (Cotte et al., 2000) . Our proposed scheme is based on empirical evidence that azimuth alone can be used to predict deviations angles. This situation occurred probably because there are only one seismically active region within a given azimuth. Therefore, this empirical approach is not guaranteed to work for other regions.
Impact on azimuthal anisotropy
We re-inverted phase velocity data using the proposed approach and compared with the results obtained by us previously (Prindle and Tanimoto, 2006) . We found little difference in the patterns of S-wave velocity variations (heterogeneity) but substantial differences in azimuthal anisotropy maps. We briefly describe our results on anisotropy below. Our basic approach is similar to Tanimoto and Anderson (1985) and we only kept up to 2θ azimuthal dependence. We solved for homogeneous block structure using ray theory. Figure 4 shows our results for azimuthal anisotropy at two frequencies, 25 and 45 mHz, with and without the correction procedure we propose above. The left panels are the results without the correction (thus the great-circle path propagation) and the right panels are the results with the correction, using the five different azimuth range into consideration (Fig. 3(c)) .
The results at 25 mHz, given at top, do not show major differences due to the incorporation of the beamforming results. However, at 45 mHz, the directions of fastest velocity azimuth change rather dramatically. On the west side of the San Andreas fault, the fastest directions are mostly northwest-southeast directions without our proposed correction, but they turn out to be almost east-west after the correction. There are fewer stations off the coast, but islands are mostly occupied by stations, thereby giving us some resolving power even in this area. Because deviations from the great-circle paths are much larger at 45 mHz than 25 mHz, this result is most likely related to the corrections we apply to data. It may even imply that the correct directions of azimuthal anisotropy cannot be recovered unless the correct arrival azimuth is taken into account in the phase velocity analysis.
This result may not be surprising since a larger deviation from a great-circle path tend to lead to a larger velocity estimate (Pedersen, 2006) . So the directions of strong great-circle deviation may tend to become a fast propagation direction.
Conclusion
We proposed a new Rayleigh wave analysis technique that combines the beamforming of array data (for Southern California Network) and two-station phase velocity measurement.
The beamforming technique allows us to determine the angles of deviations as a function of frequency. In some azimuth windows, this deviation is large and correction due to this deviation must be applied in phase/group velocity measurement. We also noted from particle motion analysis that, as long as this incoming azimuth correction is applied, a plane-wave assumption seems to hold (to first order).
We developed a specific scheme of dividing the whole azimuth into five different azimuth windows for data in Southern California. The procedure makes a large impact on the results of azimuthal anisotropy, especially for higher frequencies above 30 mHz. Since the directions of the fast velocity axes is perhaps one of the most important aspects of anisotropic structure for tectonic interpretations, correcting for the angles of deviations from great-cirle paths seems critical for surface wave analysis.
